Introduction {#s1}
============

The optimization of sensory processing by the brain, a limited-capacity system, is a key function that alleviates the burden of sensory information to be processed. This optimization is enabled by two complementary processes: (1) attention which prioritizes sensory processing according to task-relevance (Sarter et al., [@B59]); (2) prediction which facilitates perception based on prior likelihood (Summerfield and Egner, [@B67]). Among attention mechanisms, sustained attention is defined as the ability to maintain the focus of cognitive activity over time on a given task or stimulation, and is crucial to determine the efficacy of cognitive functions and behaviors (Sarter et al., [@B59]). Importantly, sustained attention, also referred as tonic alertness (Rueda and Posner, [@B56]), is thought to underpin other attentional mechanisms such as selective and divided attention as well as general cognitive abilities (Sarter et al., [@B59]). Predictive processing allows us to employ prior or current information to predict future behavior, and is a key feature of many cognitive functions (Bubic et al., [@B13]). Predictive processing is far from being a unitary function and comprises several mechanisms such as the generation of prediction based on encoding and memorization of predictive information, and the implementation of prediction via the deployment of preparatory mechanisms resulting in facilitated processing of upcoming events and optimized behaviors. Sustained attention and prediction are thus essential to efficiently adapt behaviors in an ever-changing world and support "proactive" control defined as sustained preparatory mechanisms for upcoming events according to the Dual Mechanisms of Control framework (Braver, [@B11]).

Interestingly, young children experience difficulties in utilizing predictive information and maintaining that information over a few seconds (Chatham et al., [@B14]), suggesting a gradual shift, with development, from a reactive posterior stimulus-driven strategy to a proactive anterior top-down strategy in cognitive control (Rubia et al., [@B55]; Andrews-Hanna et al., [@B3]; Smith et al., [@B64]; Munakata et al., [@B48]; Padilla et al., [@B49]; Chevalier et al., [@B15]; Lucenet and Blaye, [@B43]). Adolescence could be the key period in development for this cognitive shift. Indeed, adolescence is characterized by functional maturation of cognitive processes, in particular of attention and executive functions necessary to generate and use prediction, as observed with fMRI (Rubia et al., [@B55]) and EEG (Travis, [@B72]; Segalowitz et al., [@B63]). These advances in cognitive performance during adolescence are paralleled by neurobiological changes especially within the frontal cortex, which plays a crucial role in sustained attention and prediction processes (Corbetta et al., [@B19]; Bar, [@B5]; Summerfield and Egner, [@B67]). The protracted maturation of the frontal lobes is characterized by gray matter tissue loss and increases in white matter volume (e.g., Yakovlev and Lecours, [@B73]; Huttenlocher and Dabholkar, [@B32]; Tau and Peterson, [@B69]; Giorgio et al., [@B28]). Therefore, investigating the maturation of prediction and sustained attention capacities during typical development, and especially through adolescence, is crucial to understand the shift in cognitive control strategies and to provide insight in atypical developmental trajectories.

Sustained attention has been widely investigated using neuropsychological tests. However, evidence for the maturational timeline of sustained attention during adolescence is inconsistent, with findings of mature performance by 12-years of age (Lin et al., [@B42]; Anderson et al., [@B2]; Kanaka et al., [@B35]), or of large performance improvement after age 12 (Greenberg and Waldman, [@B30]; Conners et al., [@B17]; Li et al., [@B41]; McAvinue et al., [@B45]; Tamnes et al., [@B68]; Boelema et al., [@B10]). fMRI studies showed a progressive activation increase, through adolescence, in fronto-temporo-parietal regions involved in attention (Rubia et al., [@B55]; Smith et al., [@B64]). Brain markers of different mechanisms involved in sustained attention have been identified in studies using electroencephalography (EEG). Sustained attentional preparation can be indexed by the deployment of a centrally distributed event-related potential (ERP), the Contingent Negative Variation (CNV; Segalowitz et al., [@B62]; Kropp et al., [@B39]). With growing age, the CNV amplitude over the vertex increases (Timsit-Berthier and Hausmann, [@B71]; Jonkman, [@B34]; Hämmerer et al., [@B31]), and its topographical distribution changes: Tecce ([@B70]) reported an increase in frontal CNV contribution, while Padilla et al. ([@B49]) observed a decrease in parietal CNV contribution beginning at age 12. Moreover, allocation of attentional resources to relevant stimuli can be reflected by the P3 amplitude (Becker and Shapiro, [@B7]; Johnson, [@B33]; Peltz et al., [@B50]). However, there is no consensus on the development of P3 amplitude during adolescence (Sangal et al., [@B58]; Segalowitz and Davies, [@B61]; Polich, [@B52]; Stige et al., [@B65]).

In adults, we previously defined EEG markers of predictive processing, in a detection task manipulating target predictability (Bidet-Caulet et al., [@B9]). The P3 amplitude to predictive stimuli was found to index predictive information encoding and maintenance, increase in CNV amplitude to reflect the deployment of anticipatory mechanisms, and the P3 latency to predicted target to serve as a measure of the prediction building and implementation (Bidet-Caulet et al., [@B9]). The development of the mechanisms supporting prediction during adolescence has been poorly investigated. The encoding of predictive cues has not been examined during adolescence and electrophysiological studies of preparatory mechanisms have found inconsistent findings, with evidence for mature preparation around age 12 (Bender et al., [@B8]; Jonkman, [@B34]) or for a still developing preparation during late adolescence (Tecce, [@B70]; Segalowitz and Davies, [@B61]; Padilla et al., [@B49]). Thus, the CNV and P3 appear as good candidates to investigate different mechanisms supporting sustained attention and prediction abilities.

Adolescence is a period associated with protracted maturation of the frontal lobes and could play a key role in the developmental shift from reactive to proactive strategies for cognitive control, and in the maturation of the optimization of sensory processing. However, to our knowledge, no study has attempted to compare the maturation trajectories of sustained attention and prediction through adolescence. We recorded EEG in 36 participants from the age of 12--24 years (three age groups: 12--14, 14--17, 18--24 years) to target development during early and late adolescence, and early adulthood. We chose a visual target detection task (Fogelson et al., [@B26]; Bidet-Caulet et al., [@B9]) which loaded upon sustained attention along a relatively extended period of time, and we manipulated target predictability: subjects either detected random targets or targets preceded by a predictive sequence. ERPs to random standards and targets provided measures of preparatory and resource allocation mechanisms during sustained attention; while during the predictive sequence, encoding/memorization of predictive information and deployment of preparatory mechanisms could be investigated, and the implementation of prediction measured during predictable target processing. Thus, based on this paradigm, the current study investigated the developmental trajectories of behavioral and brain markers of attentive and predictive processing through adolescence. Specifically, we wanted to answer the following questions: (1) when do the mechanisms of preparation and resource allocation supporting attention get mature during adolescence? (2) do the different steps involved in prediction, such as encoding and memorization of predictive information and deployment of preparatory mechanisms, continue to develop through adolescence?

Materials and Methods {#s2}
=====================

Subjects {#s2-1}
--------

Thirty six healthy volunteers (29 men) aged from 12 to 24 years were recruited. All the subjects had normal or corrected-to-normal vision, no history of psychiatric or neurological problems and they were not taking any drug. The Ethics Committee of the University Hospital of Tours approved the protocol. Written informed consent was obtained from the parents and adults and assent from the adolescents.

Subjects were assigned to three subsamples: 12--14 (*N* = 11, 10 men, 12 years, 2 months to 13 years, 11 months, mean ± Standard Error of the Mean = 13 years, 2 months ± 2 months), 14--17 (*N* = 13, 9 men, 14 years, 6 months to 16 years, 10 months, mean ± SEM = 15 years, 8 months ± 2 months), and 18--24 (*N* = 12, 10 men, 18 years to 23 years, 10 months, mean ± SEM = 20 years, 7 months ± 7 months).

Stimuli and Tasks {#s2-2}
-----------------

Subjects sat in a chair in a sound-attenuated room, 94 cm in front of a 19-inch PC screen. The experimenters and computers delivering the visual stimuli and recording the EEG were located in a separate room. We used a paradigm designed to investigate predictive context processing adopted from Fogelson et al. ([@B26]). Visual stimuli were presented centrally on a computer screen and subtended 3° of visual angle (Figure [1](#F1){ref-type="fig"}). Each stimulus was presented for 150 ms followed by a 1000 ms blank-screen interstimulus interval.

![**Stimuli were presented centrally on a computer.** Stimuli consisted of 15% of targets (downward-facing triangle) and 85% of equal amounts of three types of standards: triangles facing left, upward, or right. A target could be a random target (randT) preceded by a non-informative context (random sequence of stimuli) or a predicted target (predT) preceded by an informative context, i.e., a three-stimulus predictive sequence (leftward-, upward- and rightward-facing triangles). Triangles of the predictive sequence are labeled as predS1, predS2 and predS3 stimuli, whereas the corresponding triangles outside the predictive sequence are labeled as randS1, randS2 and randS3, for leftward-, upward- and rightward-facing triangles, respectively.](fnhum-09-00519-g0001){#F1}

Stimuli consisted of 15% of targets (downward-facing triangle) and 85% of equal amounts of three types of standards: triangles facing left, upward, or right. A target could be a random target (randT) preceded by a non-informative context (random sequence of stimuli) or a predicted target (predT) preceded by an informative context, i.e., a three-stimulus predictive sequence (leftward-, upward- and rightward-facing triangles). Triangles of the predictive sequence are labeled as predS1, predS2 and predS3 stimuli, whereas the corresponding triangles outside the predictive sequence are labeled as randS1, randS2 and randS3, for leftward-, upward- and rightward-facing triangles, respectively.

Participants were instructed to press a button with the dominant-hand index finger in response to target stimuli (downward-facing triangles) and to look for the predictive sequence. Subjects first performed a brief training session to ensure they were able to detect the target accurately. Subjects were then introduced to the predictive sequence before the recordings began and were aware that it would be 100% predictive of a target, but that targets would also appear randomly throughout the block.

In each block (approximately 2.3 min long), a total of 127 stimuli (11 randTs, 28 randS1, 28 randS2, 28 randS3, 8 predTs, 8 predS1, 8 predS2, and 8 predS3) were presented each for 150 ms with an interstimulus interval of 1 s. 33 subjects performed 15 blocks, leading to a total of 165 randTs, 420 randS1, 420 randS2, 420 randS3, 120 predTs, 120 predS1, 120 predS2, and 120 predS3, for each participant. The duration of the entire test session including practice was approximately of 45 min. Three subjects (2 subjects in the 12--14 year-old group and 1 subject in the 14--17 year-old group) did not wish to continue the task beyond 10 blocks due to fatigue, leading to a total of 110 randTs, 280 randS1, 280 randS2, 280 randS3, 80 predTs, 80 predS1, 80 predS2, and 80 predS3, for each participant. The stimulus presentation and response recordings were controlled using Presentation software (Neurobehavioral Systems, Albany, CA, USA).

Electroencephalography Recording {#s2-3}
--------------------------------

EEG was recorded from 64 electrodes using ActiveTwo system (Biosemi, The Netherlands). Vertical eye movements were monitored using electrodes placed above and below the left eye. The signal was recorded with a sampling frequency of 512 Hz and filtered at 0--104 Hz. Data were re-referenced offline to the average potential of the two earlobe electrodes.

Electroencephalography Data Analysis {#s2-4}
------------------------------------

EEG analyses were performed on standard and target visual stimuli embedded or not embedded in the predictive sequence. We excluded from further analysis: trials corresponding to standards after a target, standards before or after a button press, a randS2 standard preceded by a randS1 standard but not followed by a randS3 standard (as it is a potential predS2 standard), missed targets, and targets preceded by less than three standards. Eye-movement artifacts were detected using independent component analysis (ICA) and were selectively removed via the inverse ICA transformation. Only 1 or 2 independent components were removed in each subject to clean the data. In six subjects, flat or excessively noisy signals at one or two electrodes were replaced by their values interpolated from the remaining electrodes using spherical spline interpolation (Perrin et al., [@B51]). Trials contaminated with excessive muscular activity in the (−700; 700 ms) time-window relative to stimulus onset were also excluded.

As the number of trials for stimuli embedded in the predictive sequence was lower than for the other stimuli, we equalized the number of trials within each pair of to-be-compared stimuli by random selection, for each participant. On average across participants, we obtained mean ± Standard Error of the Mean (SEM) 75 ± 2, 92 ± 3, 91 ± 3, and 80 ± 3 clean trials for randS1/predS1, randS2/predS2, randS3/predS3 and randT/predT pairs, respectively, for each participant.

Event-Related Potential Analysis {#s2-5}
--------------------------------

We averaged single trials, locked to stimulus onset, separately for each of the eight stimulus categories (randS1, randS3, randS2, randT, predS1, predS2, predS3, predT). The resulting ERPs were digitally band-pass filtered between 0.5 and 30 Hz. For post-stimulus analysis, ERPs were corrected with a −100 to 0 ms baseline before stimulus onset. For pre-stimulus analysis, ERPs were not baseline corrected.

Statistical Analysis {#s2-6}
--------------------

Analyses of variance (ANOVAs) were used with age group (12--14, 15--17 and 18--24 years) as the between-subject factor to assess the effect of age on different processes. *F* values, probability levels, effect sizes (partial eta squared η~p~ and statistical power (at *α* = 0.05) were provided. When necessary, ANOVAs results were corrected with the Greenhouse-Geisser procedure (epsilon and corrected *p* are reported). Significant main effects obtained with ANOVAs were further examined using *post hoc* randomization tests (Edgington, [@B23]) for inter-groups comparisons. Randomization consisted of: (1) the random constitution of the two samples to compare; (2) the sum of squared sums of values in the two obtained samples; and (3) the computation of the difference between these two statistic values. We performed 10,000 such randomizations to obtain an estimate of the distribution of this difference under the null hypothesis. This distribution was then compared to the actual difference between the values in the two conditions. Relations between behavioural, neurophysiological measures, and age were assessed with Pearson correlation analyses.

### Statistical Analysis of Behavioral Data {#s2-6-1}

A button press within the interval of 100--1100 ms after a target onset was considered as a correct response, and a press after a standard (randS1, randS2 or randS3) was counted as a false alarm (FA). Reaction times (RT) were computed for correct trials, only.

Behavioral measures of sustained attention to stimuli outside the predictive sequences were considered. The percentage of hits was computed as the percentage of correct responses to randTs, the percentage of FAs as the percentage of FAs outside the predictive sequence, and the sensitivity as *d*′ = *z*-score (% of correct responses to randTs) − *z*-score (FAs outside the predictive sequence), which takes into account the FA rate to correct for response bias. The effect of age on these measures was assessed using ANOVAs with age group (12--14, 15--17 and 18--24 years) as the between-subject factor.

The effect of predictability on behavioral measures was investigated for the % of hits and RT to randTs and predTs using repeated-measure analyses of variance (rmANOVAs) with age group (12--14, 15--17 and 18--24 years) as the between-subject factor and with predictability (predT vs. randT) as the within-subject factor.

### Statistical Analysis of Event-Related Potentials {#s2-6-2}

To examine sustained attention as a function of age groups, we analyzed the CNV and P3 responses to all random standard stimuli (averaged ERPs of randS1, randS2 and randS3; standards), and to the random targets (randTs), separately. CNV amplitudes were computed as the mean voltage in the −150--0 ms time-window on electrodes Fz, Cz and Pz separately. P3 amplitudes were computed as the mean voltage in the 350--600 ms time-window on electrodes Fz, Cz and Pz separately. These measures were submitted to rmANOVAs with age group as the between-subject factor and with electrode as the within-subject factor to investigate amplitude effects according to age groups. To explore difference in topographies according to age, the CNV and P3 measures were first normalized to avoid any bias from amplitude effect using a division of the value at each electrode by the norm of the vector in electrode space for each subject (McCarthy and Wood, [@B46]), and then submitted to rmANOVAs with age group as the between-subject factor and with electrode as the within-subject factor. Significant age group by electrode interaction effects were further explored by computing *post hoc* rmANOVAs for each electrode separately.

Predictive processing according to age was examined by comparing ERPs to the same physical stimuli embedded (predictive stimuli) or not embedded (non-predictive) in the predictive sequence, i.e., we compared predS2 with randS2, predS3 with randS3, and predT with randT. No difference was predicted and none was observed between predS1 and randS1 as participants did not know at that time if the stimulus was part of the predictive sequence or not. CNV amplitudes were computed as the mean voltage in the −150--0 ms time-window on Cz, and were submitted to rmANOVAs with age group as the between-subject factor and with predictability as the within-subject factor. The amplitudes of the P3 to standard stimuli were computed as the mean voltage in the 350--600 ms time-window on Cpz. In response to targets, the latency and the amplitude of the P3 maximum peak in the 250--750 ms time-window on Cpz were extracted. These P3 measures were submitted to rmANOVAs with age group as the between-subject factor and with predictability as the within-subject factor. The selection of electrodes and time-windows of interest was based on results in previous EEG studies (Fogelson et al., [@B26], [@B24]; Bidet-Caulet et al., [@B9]).

### Statistical Analysis of the Relations Between Behavioral Data and Event-Related Potentials {#s2-6-3}

Percentage of hits to randTs, % of FAs, and *d*′ were considered as behavioural measures of sustained attention, and the difference in RTs between randTs and predTs was computed as a behavioural measure of prediction abilities. Relations between these behavioural measures and ERP values were assessed with Pearson correlation analyses.

The ELAN software package was used for visualization and analysis of EEG and ERP (Aguera et al., [@B1]). STATISTICA v10 (StatSoft, Inc) software was used for ANOVAs and correlation analyses. Randomisation tests were performed using custom MATLAB R2010b (MathWorks, Inc) programs.

Results {#s3}
=======

Sustained Attention Processes {#s3-1}
-----------------------------

### Behavioral Results {#s3-1-1}

Behavioral results are displayed in Figure [2](#F2){ref-type="fig"}. A main effect of age group was significant for % of hits to randTs, % of FAs, and *d*′ (*F*~(2,33)~ = 3.84, *p* = 0.032, η~p~ = 0.189, power = 0.656, *F*~(2,33)~ = 3.85, *p* = 0.031,η~p~ = 0.189, power = 0.657, or*F*~(2,33)~ = 6.66, *p* = 0.004, η~p~ = 0.288, power = 0.887; respectively). *Post hoc* analyses revealed that 12--14 year-olds detected less randTs and made more FAs than 18--24 year-olds (*p* = 0.018 or *p* = 0.001, respectively), and presented a smaller *d*′ compared to 14--17 year-olds and 18--24 year-olds (*p* = 0.011 and *p* = 0.003, respectively). All the other effects were not significant (*p* \> 0.081). The % of hits to the randTs and d' were positively correlated with age (*r* = 0.393, *b* = 0.869, *p* = 0.018, or *r* = 0.502, *b* = 0.119, *p* = 0.002; respectively). The % of FAs was negatively correlated with age (*r* = −0.401, *b* = −0.072, *p* = 0.015). The effect of age group on RTs to randTs was not significant (*F*~(2,33)~ = 1.31, *p* = 0.284, η~p~ = 0.07). In summary, increased age was associated with increased % of hits, reduced % of FAs and increased *d*′, with a more dramatic increase of the *d*′ from early to late adolescence.

![**Mean % of hits for predicted and random targets in the three age groups (A), % of false alarms (FAs) in the three age groups (B), sensitivity *d*′ in the three age groups and plotted against age in years (C) and reaction times (RTs) in ms for predicted and random targets in the three age groups (D).** Error bars: standard errors of mean. Significant differences are indicated by asterisks: \**p* ≤ 0.05, \*\**p* ≤ 0.01, \*\*\**p* ≤ 0.001.](fnhum-09-00519-g0002){#F2}

### Event-Related Potential Results {#s3-1-2}

To explore sustained attention according to age, we analyzed the CNV and P3 responses to all random standard stimuli, and to random targets (randTs), separately, using rmANOVAs with electrode and age group as factors.

CNV amplitude preceding both standards and randTs displayed a significant effect of electrode (*p* \< 0.001) and a significant electrode × age group interaction (*p* \< 0.044; Table [1](#T1){ref-type="table"}). To further understand these differences in topographies, normalized CNV amplitudes were compared. Normalized CNV amplitudes preceding standards or randTs displayed a significant effect of electrode (*p* \< 0.001) and a significant electrode × age group interaction (*p* \< 0.046; Table [1](#T1){ref-type="table"}). This electrode × age group interaction was explained by an effect of age group at Fz, only, significant for standards (*F*~(2,33)~ = 5.86, *p* = 0.007, η~p~ = 0.262, power = 0.842), and nearly reaching significance for randTs (*F*~(2,33)~ = 3.15, *p* = 0.056, η~p~ = 0.160, power = 0.565). *Post hoc* analyses revealed that CNV normalized amplitude at Fz preceding standards and randTs were larger in 18--24 year-olds compared to 14--17 year-olds (*p* = 0.002, or *p* = 0.023; respectively) and compared to 12--14 year-olds (*p* = 0.003, or *p* = 0.047; respectively). No significant differences were found between 12--14 year-olds and 14--17 year-olds on the CNV normalized amplitude at Fz preceding standards and randTs (*p* \> 0.644). Moreover, significant negative correlations were found between age and the CNV normalized amplitude at Fz preceding standards and randTs (*r* = −0.357, *b* = −0.010, *p* = 0.032, or *r* = −0.357, *b* = −0.011, *p* = 0.032, respectively; Figure [3](#F3){ref-type="fig"}).

###### 

**Effect of electrode and age group on the ERP amplitudes**.

                                    Age group   Electrode   Electrode × age group                                                                            
  --------------------------------- ----------- ----------- ----------------------- ------- ------- --------- ------- ------- ------ ------- ------- ------- -------
  CNV ERP to standards              0.54        0.588       0.032                   32.67   0.586   \<0.001   0.497   1.000   3.21   0.586   0.044   0.163   0.801
  CNV ERP to randTs                 0.17        0.845       0.074                   45.28   0.589   \<0.001   0.578   1.000   3.95   0.589   0.022   0.193   0.884
  Normalized CNV ERP to standards   2.12        0.136       0.114                   56.17   0.653   \<0.001   0.630   1.000   3.28   0.653   0.035   0.166   0.811
  Normalized CNV ERP to randTs      1.70        0.198       0.093                   57.91   0.609   \<0.001   0.637   1.000   3.12   0.609   0.046   0.159   0.788
                                                                                                                                                             
  P3 ERP to standards               1.32        0.280       0.074                   26.79   0.585   \<0.001   0.448   0.999   4.37   0.585   0.015   0.209   0.916
  P3 ERP to randTs                  0.18        0.834       0.076                   89.85   0.765   \<0.001   0.731   1.000   4.54   0.765   0.006   0.216   0.927
  Normalized P3 ERP to standards    2.98        0.065       0.153                   49.22   0.626   \<0.001   0.599   1.000   3.45   0.626   0.032   0.173   0.832
  Normalized P3 ERP to randTs       0.66        0.525       0.038                   73.96   0.782   \<0.001   0.691   1.000   2.89   0.782   0.042   0.149   0.752

Results of the rmANOVAs on ERP mean amplitudes with electrode as within-subject factor and age group as between-subject factor. Statistical values (F, ε, p, $\text{η}_{p}^{2}$ and power) of electrode and age group main effects, and of electrode by age group interaction effect. Significant effects are highlighted in gray.

![**Attentional processes. (A)** Grand-average ERP waveforms band-pass filtered between 0.5 and 30 Hz, at the Fz and Pz electrodes. **(B)** Scalp topographies (top views) of the mean ERP (CNV and P3) values in the −150--0 ms and 350--600 time-windows. The gray dots indicate the position of Fz, Cz and Pz electrodes. **(C)** Normalized CNV and P3 amplitudes (microvolts) at Fz, Cz and Pz electrodes. Data for standards (left) and randTs (right) are shown for the three age groups. Error bars: standard errors of mean. **(D)** Normalized CNV amplitude (microvolts) preceding randTs at Fz plotted against age in years. Normalized P3 amplitude (microvolts) to randTs at Pz plotted against age in years. The solid lines represent the linear regressions.](fnhum-09-00519-g0003){#F3}

In summary, older age was associated with a larger (more negative) frontal contribution to the CNV preceding standards and randTs, with a more dramatic increase from late adolescence to early adulthood.

P3 amplitude in response to standards or randTs displayed a significant effect of electrode (*p* \< 0.001) and a significant electrode × age group interaction (*p* \< 0.015; Table [1](#T1){ref-type="table"}). Normalized P3 amplitudes were compared to further understand these differences in topographies. Normalized P3 amplitude in response to standards or randTs displayed a significant effect of electrode (*p* \< 0.001) and a significant electrode × age group interaction (*p* \< 0.042; Table [1](#T1){ref-type="table"}). This electrode × age group interaction was explained by a significant effect of age group to standards at Fz only (*F*~(2,33)~ = 5.59, *p* = 0.008, η~p~ = 0.253, power = 0.823), and by a significant effect of age group to randTs at Pz only (*F*~(2,33)~ = 3.81, *p* = 0.032, η~p~ = 0.187, power = 0.652). *Post hoc* analyses revealed that P3 normalized amplitude at Fz to standards were larger in 18--24 year-olds compared to 14--17 year-olds (*p* = 0.015) and compared to 12--14 year-olds (*p* = 0.016). No difference was found between 12--14 year-olds and 14--17 year-olds on the P3 normalized amplitude at Fz to standards (*p* = 0.400). P3 normalized amplitude at Pz to randTs were smaller in 18--24 year-olds compared to 14--17 year-olds (*p* = 0.016). No differences were found between 12--14 year-olds and 14--17 year-olds, and between 12--14 year-olds and 18--24 year-olds on the P3 normalized amplitude at Pz to randTs (*p* \> 0.103). Moreover, age was found to significantly correlate with the P3 normalized amplitude at Pz to randTs (*r* = −0.345, *b* = −0.004, *p* = 0.039; Figure [3](#F3){ref-type="fig"}). The correlation between age and the P3 normalized amplitude at Fz to standards nearly reached significance (*r* = 0.302, *b* = 0.008, *p* = 0.073).

In summary, older age was associated with a larger frontal contribution to the P3 response to standards, with a more dramatic increase from late adolescence to early adulthood.

### Correlations with Behavioral Measures of Sustained Attention {#s3-1-3}

Larger (more negative) CNV normalized ERP amplitudes to randTs (but not to standards, *p* = 0.242) at Fz correlated with greater *d*′ (*p* = 0.042; Figure [4](#F4){ref-type="fig"}). Larger P3 normalized ERP amplitudes to standards at Fz also correlated with greater *d*′ (*p* = 0.029; Figure [4](#F4){ref-type="fig"}). The amplitude of P3 normalized ERPs to randTs at Pz was not correlated with *d*′ (*p* = 0.421; Table [2](#T2){ref-type="table"}). In summary, increases in CNV and P3 frontal normalized ERP amplitudes were correlated with greater sensitivity.

![**Correlations with behavioral measures of sustained attention. (A)** Normalized CNV ERP amplitudes (microvolts) preceding randTs at Fz plotted against sensitivity *d*′. **(B)** Normalized P3 ERP amplitudes (microvolts) preceding standards at Fz plotted against sensitivity *d*′. The solid lines represent the linear regressions.](fnhum-09-00519-g0004){#F4}

###### 

**Correlations with behavior**.

                                         *d′*              
  --------------------------------- ---- -------- -------- -------
  Normalized CNV ERP to standards   Fz   −0.200   −0.024   0.242
  Normalized CNV ERP to randTs      Fz   −0.341   −0.046   0.042
  Normalized P3 ERP to standards    Fz   0.361    0.042    0.030
  Normalized P3 ERP to randTs       Pz   −0.138   −0.007   0.421

Statistical values (r, b and p) of Pearson correlations between sensitivity (d') and ERP mean amplitudes. Significant effects are highlighted in gray.

Predictive Processing {#s3-2}
---------------------

### Behavioral Results {#s3-2-1}

Behavioral results are displayed in Figure [2](#F2){ref-type="fig"}. No effect of predictability (*F*~(1,33)~ = 1.43, *p* = 0.240, η~p~ = 0.041) was found on the % of hits to predTs and randTs. The effect of age group (*F*~(2,33)~ = 3.27, *p* = 0.051, η~p~ = 0.165), and the predictability × age interaction (*F*~(2,33)~ = 2.56, *p* = 0.092, η~p~ = 0.134) were close to significance. These effects were driven by a main effect of age group that was significant for the % of hits to randTs (see previous section) but not for the % of hits to predTs (*F*~(2,33)~ = 0.97, *p* = 0.391, η~p~ = 0.055).

The RT to predTs were significantly shorter than those to randTs (*F*~(1,33)~ = 91.23, *p* \< 0.001, η~p~ = 0.734, power = 1.000). No effect of age group (*F*~(2,33)~ = 1.24, *p* = 0.302, η~p~ = 0.070), nor predictability × age interaction (*F*~(2,33)~ = 0.44, *p* = 0.645, η~p~ = 0.026) was found significant.

### Event-Related Potential Results {#s3-2-2}

To investigate predictive processing according to age, we compared the CNV and P3 ERPs to the same physical stimuli embedded or not embedded in the predictive sequence, i.e., we compared predS2 with randS2, predS3 with randS3, and predTs with randTs using rmANOVAs with predictability and age group as factors.

A significant effect of predictability was found on CNV amplitude preceding targets (*F*~(1,33)~ = 23.57, *p* \< 0.001, η~p~ = 0.417, power = 0.997), and preceding S3 (*F*~(1,33)~ = 9.24, *p* = 0.005, η~p~ = 0.219, power = 0.839), but not preceding S2 (*F*~(1,33)~ = 1.56, *p* = 0.220, η~p~ = 0.045; Figure [5](#F5){ref-type="fig"}). All the other effects were not significant. These significant effects corresponded to an enhancement of the CNV amplitude before the S3 standard stimuli and targets with predictability increase.

![**Predictive processing: CNV ERP. (A)** Grand-average non-baseline-corrected ERP waveforms band-pass filtered between 0.5 and 30 Hz, at the Cz electrode. **(B)** Scalp topographies (top views) of the mean CNV ERP for each pair of predictive stimulus and its non-predictive analog, and for the difference between predS3 and randS3 and between predTs and randTs in the −150--0 ms time-window. The gray dots indicate the position of Cz. **(C)** CNV amplitude between −150 and 0 ms in μV at Cz for predS2 and randS2, for predS3 and randS3, and for predicted and random targets. Error bars: standard errors of mean. Significant differences are indicated by asterisks: \*\**p* ≤ 0.01, \*\*\**p* ≤ 0.001.](fnhum-09-00519-g0005){#F5}

P3 amplitude to S2 and S3 displayed a significant effect of predictability (*F~(~*~1,\ 33)~ = 11.87, *p* = 0.002,η~p~ = 0.265, power = 0.917; or *F*~(1,\ 33)~ = 22.56, *p* \< 0.001, η~p~ = 0.406, power = 0.996, respectively), but no effect of age group (*F*~(2,33)~ = 1.63, *p* = 0.212, η~p~ = 0.090; or *F*~(2,\ 33)~ = 1.29, *p* = 0.288, η~p~ = 0.073, respectively), nor significant predictability × age group interaction (*F*~(2,\ 33)~ = 1.16, *p* = 0.325, η~p~ = 0.066; or *F*~(2,\ 33)~ = 0.64, *p* = 0.536, η~p~ = 0.037, respectively; Figure [6](#F6){ref-type="fig"}). These effects corresponded to an enhancement of the P3 amplitude to standard stimuli with predictive value for both S2 and S3 standard stimuli.

![**Predictive processing: P3 ERP. (A)** Grand-average ERP waveforms band-pass filtered between 0.5 and 30 Hz, at the CPz electrode. **(B)** Scalp topographies (top views) of the mean P3 ERP for each pair of predictive stimulus and its non-predictive analog, and for the difference between predS2 and randS2 and between predS3 and randS3 in the 350--600 ms time-window. The gray dots indicate the position of the Cpz electrode. **(C)** P3 amplitude between 350 and 600 ms in μV at CPz for predS2 and randS2, and for predS3 and randS3. Maximum P3 latency in ms at CPz for predicted and random targets. Error bars: standard errors of mean. Significant differences are indicated by asterisks: \*\**p* ≤ 0.01, \*\*\**p* ≤ 0.001.](fnhum-09-00519-g0006){#F6}

There was no effect of age group on the maximum P3 amplitude at CPz to targets (*F*~(2,33)~ = 1.28, *p* = 0.292, η~p~ = 0.072), nor effect of predictability (*F*~(1,33)~ = 1.83, *p* = 0.185, η~p~ = 0.052), nor predictability × age group interaction (*F*~(1,33)~ = 0.44, *p* = 0.650, η~p~ = 0.026). The P3 ERP to predTs was found earlier in latency than to randTs at CPz (*F*~(1,33)~ = 19.27, *p* \< 0.001, η~p~ = 0.369, power = 0.989). No effect of age group (*F*~(2,33)~ = 0.62, *p* = 0.542, η~p~ = 0.036), nor predictability × age group interaction (*F*~(2,33)~ = 0.06, *p* = 0.946, η~p~ = 0.003) was found significant on the P3 latency. Irrespective of age, P3 latency was shortened to predTs.

### Correlations with a Behavioral Measure of Prediction (Figure [7](#F7){ref-type="fig"}) {#s3-2-3}

![**Correlations with a behavioral measure of prediction. (A)** Difference in maximum P3 ERP latency (ms) between randTs and predTs at CPz plotted against the difference in reaction time between randTs and predTs (ms). **(B)** Difference in CNV ERP amplitude (microvolts) between randTs and predTs at Cz plotted against the difference in reaction time between randTs and predTs (ms). The solid lines represent the linear regressions.](fnhum-09-00519-g0007){#F7}

Predictability effect on the amplitude of the CNV preceding targets (difference in CNV amplitude between randTs and predTs) at Cz was correlated with the predictability benefit in reaction time (difference in reaction time between randTs and predTs; *r* = 0.547, *b* = 0.009, *p* = 0.001). Amplitude enhancement benefitted RT.

Predictability effect on the latency of the P3 to targets (difference in P3 latency between randTs and predTs) at CPz was found correlated with the predictability benefit in reaction time (difference in reaction time between randTs and predTs; *r* = 0.519, *b* = 0.632, *p* = 0.001). The larger the latency reduction, the larger the benefit in reaction time.

Discussion {#s4}
==========

We provide novel evidence supporting distinct brain maturation trajectories of sustained attention and prediction during adolescence. Continued maturation of sustained attention after age 12 was evidenced by improved performance in a detection task and a frontal shift in P3 and CNV topographies with increasing age. In contrast, predictive processing appeared to be mature at age 12, with all ages showing similar benefits in reaction time, increases in P3 amplitude (indexing predictive value encoding and memorization), increases in CNV amplitude (corresponding to the deployment of preparatory mechanisms) and reduction in target-P3 latency (reflecting efficient prediction building and implementation).

Maturation of Sustained Attention {#s4-1}
---------------------------------

We observed improved performance from age 12, with more accurate target detection, better sensitivity and fewer FAs. This pattern of performance decrements in 12--14 year olds, in particular the larger number of omissions, argues for inattention (lapses of sustained attention) rather than for impulsivity.

Previous results on the late maturation of behavioral measures of sustained attention are inconsistent. Using different target detection tasks, reduction in the number of omission and commission (FAs) errors, reduced RT, or improved perceptual sensitivity to targets were found from age 12 to 16 (Greenberg and Waldman, [@B30]; Conners et al., [@B17]; Li et al., [@B41]; McAvinue et al., [@B45]; Tamnes et al., [@B68]; Boelema et al., [@B10]); whereas stable performances were observed in the same age range by others (Lin et al., [@B42]; Anderson et al., [@B2]). Though changes in the behavioral measures of sustained attention are more drastic before age 12 (Greenberg and Waldman, [@B30]; Lin et al., [@B42]; Luna et al., [@B44]; Li et al., [@B41]); the present findings, in agreement with previous studies (Greenberg and Waldman, [@B30]; Conners et al., [@B17]; Li et al., [@B41]; McAvinue et al., [@B45]; Tamnes et al., [@B68]; Boelema et al., [@B10]), suggest that sustained attention is still immature at age 12.

The present electrophysiological results, showing immature CNV and P3 topographies in early and late adolescents, are consistent with a later maturation of sustained attention. More precisely, our results suggest that attentional preparation indexed by the CNV (Tecce, [@B70]; Segalowitz and Davies, [@B61]; Padilla et al., [@B49]) and allocation of attentional resources reflected by the P3 (Segalowitz and Davies, [@B61]; Stige et al., [@B65]) are both immature and involved in the continued development of sustained attention after age 12. ERP results show an increase of the frontal contribution to CNV topography with older age, consistent with Tecce ([@B70]), and an increase of the frontal and a decrease of the parietal contributions to P3 with older age, in agreement with previous studies (Courchesne et al., [@B20]; Mueller et al., [@B47]). This frontal shift through adolescence is consistent with the proposal of a move in strategy from a posterior stimulus-driven orienting network to engagement of an anterior top-down attention network (Rubia et al., [@B55]; Smith et al., [@B64]; Padilla et al., [@B49]) and a shift from a reactive to a proactive cognitive control (Andrews-Hanna et al., [@B3]; Munakata et al., [@B48]; Chevalier et al., [@B15]; Lucenet and Blaye, [@B43]). Importantly, sensitivity to targets increases with frontal ERP contribution, suggesting a link between frontal maturation and sustained attention capacities. Several studies provided compelling evidence for a crucial role of the frontal cortex in attention control (e.g., Knight et al., [@B38]; Sarter et al., [@B59]; Corbetta and Shulman, [@B18]). Immature activation of frontal areas mediating attentional processes through adolescence suggests that improvements in these skills could correspond to anatomical maturation of frontal areas. In fact, concurrent with cognitive development are important brain maturational changes that continue into early adulthood, including myelination, synaptic pruning and dopaminergic innervation of the frontal cortex, enhanced communication between fronto-parietal and fronto-temporal networks, and pubertal hormone changes that can alter brain function or neurotransmitter activity (e.g., Giorgio et al., [@B28]; Stiles and Jernigan, [@B66]). These physiological processes can strongly impact on ERP measures and topographies (Travis, [@B72]; Segalowitz et al., [@B63]) and could result in the observed ERP maps. Moreover, immature frontal processing could preclude the use of automatic strategies to perform a detection task and make the task harder for the youngest.

Therefore, the present study provides evidence for immature preparatory and resource allocation mechanisms supporting sustained attention in adolescents associated with frontal cortical development.

Maturation of Predictive Processing {#s4-2}
-----------------------------------

The present findings of a similar benefit in RT with predictive context irrespective of age suggest mature prediction capacities at age 12. This is in agreement with a previous work showing comparable amounts of commission errors in children and teenagers than in adults, in a detection task requiring motor inhibition to predictable non-target stimuli (McAvinue et al., [@B45]).

Moreover, we found that, irrespective of age, P3 amplitude progressively increases throughout the predictive sequence, i.e., as a function of task relevance and confidence (Sawaki and Katayama, [@B60]). In agreement with a role of the P3 in context-updating (Donchin and Coles, [@B21]), the present results support the notion that adolescents are able to extract predictive information from the stimulus train and to update working memory accordingly (Sawaki and Katayama, [@B60]; Fogelson et al., [@B26]; Bidet-Caulet et al., [@B9]). Moreover, target predictability similarly shortens P3 latency and enhances CNV amplitude to the predicted targets in both adolescents and adults. A shortened P3 latency is ascribed to the shortened duration of stimulus evaluation processing (Kutas et al., [@B40]; Duncan-Johnson and Kopell, [@B22]) and an increased CNV response reflects the enhanced recruitment of preparatory mechanisms (Brunia and van Boxtel, [@B12]), confirming that prediction has been implemented. These predictability effects on the P3 latency and the CNV amplitude to targets correlate with the predictability benefit in reaction time, further supporting the use of P3 and CNV responses as markers of prediction abilities.

The present behavioral and electrophysiological results indicate mature anticipatory mechanisms (such as motor preparation), predictive information encoding/memorization and prediction building/implementation in adolescents at 12 year-old.

Distinct Maturation Trajectories for Sustained Attention and Prediction {#s4-3}
-----------------------------------------------------------------------

Attention and prediction are tightly entangled processes involved in processing optimization, which both strongly depend on the frontal activity (Corbetta et al., [@B19]; Bar, [@B5]; Summerfield and Egner, [@B67]). However, the present results show distinct brain maturation trajectories for attentive and predictive processing.

On one hand, goal-directed attention has been found to be mediated by a network principally including the lateral frontal cortex and posterior parietal regions (e.g., Corbetta and Shulman, [@B18]; Kastner and Pinsk, [@B36]; for reviews). Importantly, sustained attention requires the activation of this network to be maintained during the entire task duration (Sakai and Passingham, [@B57]). On the other hand, context-based associative predictions would be enabled by a cortical network which includes the medial temporal lobe, the medial parietal cortex and the medial frontal cortex (Bar, [@B4], [@B5]), and also the lateral prefrontal cortex (Barcelo and Knight, [@B6]; Fogelson et al., [@B25]). According to Friston's predictive coding model (Friston, [@B27]), predictive processing is inherent to all processing levels of the hierarchically organized neural system, where top-down expectations and bottom-up stimulus information are integrated (Rao and Ballard, [@B53]; Friston, [@B27]). In the present study, target prediction could result from comparison between the visual input and a memory trace of the predictive sequence embodied in top-down predictions. If the generation of this memory trace most likely requires the activation of the frontal cortex, its maintenance could be achieved at another level of the hierarchy, (e.g., in visual areas).

Therefore, the differences in developmental trajectories for sustained attention and prediction during adolescence, characterized by protracted maturation of the frontal lobes, could be related to a larger and longer recruitment of the frontal cortex when attention is sustained than during simple predictive processing.

A limitation of this study is that the gender distribution is biased towards males in the three subsamples. This study would have also been stronger with larger samples, yet the present results seem quite clear given the rather strong power of the effects and the large effect sizes obtained (as defined by Cohen, [@B16] and Richardson, [@B54]).

We demonstrated that predictive and attentive processing have different brain developmental trajectories after age 12. The present findings provide evidence for major developmental changes, from late adolescence to early adulthood, in preparatory and resource allocation mechanisms necessary to sustained attention, associated with frontal cortical development. Conversely, young adolescents seem to extract predictive information and use them to generate and implement simple prediction, as well as adults, suggesting mature predictive processing at the age of 12.

These findings raise important issues in the diagnosis and treatment of impairments in adolescents who suffer from neurodevelopmental disorders. The protracted maturation of sustained attention processes during adolescence stresses the importance of continued monitoring of teenagers with Attention Deficit Hyperactivity Disorder (Klein et al., [@B37]). The finding of mature prediction abilities in 12 year-olds highlights the importance of early diagnosis and intervention in Autism Spectrum Disorder, associated with difficulties in predictive processing (Gomot and Wicker, [@B29]).
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